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ABSTRACT
Thirteen woody plant species were analyzed by acetylene reduction
assay to determine their nitrogen fixation activity. Caragana
arborescens , Lam. , Rob inin fertilis Ashe, R. hispida L. , R. Pseudoacacia
L., Alnus glutinosa (L.) Graettn., Elaeagnus umbellata Thunb., E.
an^ustifolia L. , Shepherdia argentea Nutt. , S. canadensis Nutt.
,
iiippophae rhamnoides L., and Myrica pensylvanica Lois, were found to
be active.
Nodules carried out nitrogen fixation best under low nitrogen
fertility while at higher rates of fertilization or low temperatures
the nodules ceased to function. Temperatures, which caused A.
Klutinosa and E. umbellata to defoliate, did not stop nodule activity
at the time of defoliation.
Nodules on plants grown in a solution culture failed to excrete
nitrogen into the growing medium. Therefore, it is believed
increased nitrogen fertility around trees and shrubs which fix
nitrogen is due to decomposing nodules and leaf litter.
INTRODUCTION
Nitrogen nutrition is vital to woody plant establishment. Meyer
(27) explained how nutrient supplies during the preceding year and
current spring were important to shoot growth and leaf production
in any specific year. He also reported (28, 29) nitrogen reserves
seemed to be the limiting factor for growth on a deciduous and an
evergreen species.
Plants produce nitrogen supplies through a symbiotic relationship
with a micro-organism. Symbiotic nitrogen fixation by non-legume woody
plants has not been widely known nor has the knowledge been used by
the nursery or landscape industry. Root nodules have been observed
on some non-legume woody species for over a century but like trees and
shrubs from the Leguminosae family little is known about the quantities
of nitrogen a plant has the potential of supplying for itself or
adjacent non-nitrogen fixing species.
Thus when conditions were optimum for plant growth, shoot
development would be aided by adequate nitrogen and in turn hasten
plant establishment in the highway landscape. The biological process
of nitrogen fixation has the potential of supplying adequate nitrogen
for plant establishment and development. Thus, the landscape architect
should consider plant material with nitrogen fixation characteristics
when choosing plant material for various highway sites.
REVIEW OF LITERATURE
Nitrogen Fixation
Symbiotic nitrogen fixation occurs most abundantly in the Leguminosae
family. Cercis , Gleditsia , Gymnocladus , Cladrastis , Sophora , Laburnum ,
Amorpha , Wisteria , Robinia and Caragana are legume genera which contain
ornamental trees and shrubs (33) important in Indiana. Although not all
species within the Leguminosae family develop nodules, approximately
one-tenth of the 12,000 species have been identified with development
of nodular structures (1).
As can the agronomic crops such as alfalfa and soybean, legume
trees and shrubs may also be inoculated with bacteria to insure nod-
ulation (17). However, the bacteria for the woody plants is not a
member of any of the six cross-inoculation groups used with alfalfa,
clover, or soybean (1).
Symbiotic nitrogen fixation also occurs with less known frequency
among eight families which contain only thirteen genera and 342 species
of which 118 are known to develop root nodules (34). The thirteen
genera include: Alnus, Ceanothus , Hippophae , Elaeagnus , Myrica ,
Casuarina , Shepherdia , Coriaria, Dryas , Discaria, Purshia , Cercocarpus ,
and Arctostaphylos .
Unlike the legumes the symbiotic organism is not known. It is not
a Rhizobium association but may be an actinomycete (19). This is not
the feeling of all investigators. Hawker and Fraymouth (22) have
classified it as a member of the Plasmodiophorales . Since the organ-
ism has not been isolated, there is no commercial product available
for inoculation of non- legume woody plants.
An interesting history as to the possible importance of non-
leguminous symbiotic nitrogen fixation has developed during the past
twenty-five years. Extensive work has established (7, 13, 14, 25) a
pattern of plant succession that has developed behind receding glaciers.
These reports include Alnus as an early plant and attribute part of the
soil nitrogen build up to the Alnus ' nitrogen fixing ability. Kohnke
(24) has advocated the use of Alnus in reclamation of mines, sand dunes
and other waste areas. His citation includes examples of success on
waste soils in Germany and Japan. Goldman (21) attributed the produc-
tivity of a lake to the nitrogen supplied by the Alnus growing along
its banks.
The importance of non-legume nitrogen fixation for today's crops
comes from evidence reported of the association of Alnus rugosa (Du
Roi) Spreng. with confiers (3) and of the association of Alnus
glutinosa (L.) Graettn. with Mai us (16).
In the case of Alnus being established after glacier recession,
the rate of accumulation of nitrogen in relation to age of plant was
linear for 40 years (13). Where A. rugosa was included in the succession
of a douglas-fir forest, nitrogen accumulation peaked at 20 years (31).
These plants were being established on a soil with some fertility and
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organic matter. The area of establishment had been cut for a crop or
destroyed by fire.
Nodular material on legumes is spherical or cylindrical in shape with
a few or no lobes. With non-legumes the nodular material forms clusters
of finger-like branches (8). The clusters are perennial and with age
may attain a diameter of several centimeters (8). In the genera Myrica
and Casuarina there is an exception to the normal cluster. With nodules
from these genera the tip of the branch continues to produce a root of
normal structure without nitrogen-fixing characteristics (9).
Nodules were identified on non-legumes as early as 1829, (10)
and since then a few investigators have used field studies or no
nitrogen solution-cultures to grow plants and then determine their
nitrogen content of the foliage. From this method of nitrogen analysis
the plants were classified as nitrogen fixing plants. Shepherdia
argentea (38) and Elaeagnus angustifolia (20) have been identified in
this manner. When N became available several species were analyzed
to determine the quantity of nitrogen transformed by the plant. Species
identified with positive nitrogen fixation mechanisms included: A.
glutinosa (4, 5) , Hippophae rhamnoides L. (4) , Shepherdia canadensis
Nutt. (6), Comptonia peregrina (L.) Coult. (41). A method of analysis
which costs less has become available— the acetylene reduction assay.
By this method A. rugosa, A. glutinosa , M. gale , and C. peregrina have
been determined to reduce acetylene to ethylene (35, 39).
By Che N technique Bond (6) found H. rhamnoides and A. glutinosa
Co increase fixation in a linear manner. H. rhamnoides was active
longer and produced a linear response for approximacely 24 hours.
Scewart also reported (35) Che fixacion by C. peregrina Co be linear
for 60 minuCes when using Che acecylene reduccion assay.
FacCors Which Influence Nodule FormaCion
FlucCuacion in Che race of niCrogen fixation has been observed for
C. peregrina , A. glutinosa , and M. gale (35, 39). Scewart (35) observed
echylene producCion by nodules sampled in Che morning Co be only half
Che value of nodules sampled in Che afcernoon. Wheeler (40) found
Chac a peak in niCrogen fixacion was reached abouC mid-day. He
explained Che reason for Che peak at this time, was because there was
a maximum influx of new photosynthate into Che nodule, and only when
new phoCosynChaCe is available does fixacion occur.
VirCanen (37) demonsCraced Chac wich leguminous plants Che
phoCosynChecic subsCraCe must be translocated to the nodule. The
substrate supplied energy for fixation while at the same time accepted
the nitrogen. Little is known on how rapidly the substrate is exhausted
after photosynChesis ceases.
Bond and associaces (11, 26) have demonscrated with non- leguminous
plants that nodule size and weight in relation to the parent plant is
dependent upon the external nitrogen supply. With 100 mg of combined
nitrogen in solution culture nodules will cease to form, however, with
less nitrogen the nodules will form with the largest being when no
nitrogen is available. Similiar results were found on A. rugosa (14).




Nitrogen fixation by both legume and non-legume woody species was
determined. When nodules were available for analysis, fixation was
determined by acetylene reduction assay as determined by Davidson (15).
An exception to the procedure was that the nodules were analyzed over
a period of several hours and not every ten minutes for an hour as
described by Davidson. The thirteen species observed included five
legumes (Robinia hispida L. , R. fertilis Ashe, R. Pseudoacacia L.
,
Caragana arborescens Lam. , and Cercis canadensis L.) and eight species
of non-legumes (Elaeagnus umbellata Thunb., E. angustifolia L.
,
Shepherdia argentea Nutt., S_. canadensis , Hippophae rhamnoides , Alnus
glutinosa , Myrica pensylvanica Lois . , and Comptonia peregrina )
.
Plants of these species were grown in the greenhouse in a
sphagnum peat: horticultural grade perlitc mixture (1:1 v/v) or in
the field. In no case was there an attempt to innoculate a plant
that did not bear nodules. Nodules were removed from plants up to
twelve years in age.
Samples were generally taken during mid-morning work hours during
the summer of 1971. In the case of the non-legumes the nodules were
divided and only the tips of the branches were used. The base of
the branch or center part of the cluster was discarded. The legume
nodules were left intact except when to large to be put into a 18 ml
culture tube. In this case they were divided. All nodules were washed
with tap water to remove soil particles and then blotted dry in a paper
towel prior to weighing.
Activity During Autumn Months
Figure 1 shows a standard gas chromatograph curve obtained from a
mixture of pure acetylene, ethylene, and air. The values for the peaks
on each sampling date were computerized. With the use of linear regres-
sion a computer program developed a formula for a straight line using
the values from the standard curve. The peak height response of each
unknown sample injected was placed in the straight line formula to
determine the microliters of ethylene produced. The peak response was
linear with ethylene concentration.
Nodules from field grown A. glutinosa and .E. umbellata were
analyzed for acetylene reduction periodically from late summer 1971
until December 1971. This experiment was initiated to observe nodule
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Figure 1. Typical gas chromatographic curve showing peaks of ethylene
and acetylene which had been injected as a acetylene - ethylene
air mixture.
activity from month to month, and determine how late into a growing season
nitrogen fixation would take place.
No nodules were removed from the same plant of either A. glutinosa
or E. umbel lata . The A. glutinosa were two year old seedling and
lacked enough material for several samples, and the six and twelve year
old S,. umbel lata were in a location where their root systems could not
be seriously distrubed. The method for preparing the nodules for
analysis was the same as mentioned above.
Nitrogen Supply as a Nurse Crop
This experiment was designed to determine the effect that nitrogen-
fixing nodules would have on plants which were unable to carry out
symbiotic nitrogen-fixation. Virtanen (36) claimed A. glutinosa nodules
had provided a nitrogen supply to spruce grown in solution culture for
eleven years. To determine if this was possible for other plant rela-
tionships, four nitrogen- fixing plant species were selected to be
grown separately and in combination with two non-symbiotic species.
Fifteen treatments (Table 1) including actively growing and nodulated
plants of A. glutinosa , E. umbel lata and R. fertilis along with
leafed out Cotoneaster divaricata Rehd. & Wils., dormant E. angusti -
folia and seed of Poa pratensis "Nugget" were planted in 10.5 liter
pots on August 3, 1971. The plants were grown in a polystyrene bead
medium with three levels of fertilization and water being supplied by a
10
Table 1. Plant treatments which were grown on three solutions con-
taining different nutrient levels.
No. Treatment Common name
1. Control
2. Alnus glutinosa Black alder
3. Elaeagnus umbellata Autumn olive
4. Elaeagnus angustifolia Russian olive
5. Robinia fertilis Bristly locust
6. Poa pratensis "Nugget" Kentucky bluegrass var.
Nugget
7. Cotoneaster divaricata Spreading cotoneaster
8. A. glutinosa and P. pratensis "Nugget"
9. A. glutinosa and C. divaricata
10. E. umbellata and P. pratensis "Nugget"
11. E. umbellata and C. divaricata
12. E. angustifolia and P. pratensis "Nugget"
13. E. angustifolia and C. divaricata
14. R. fertilis and P. pratensis "Nugget"
15. R. fertilis and C. divaricata
11
sub-irrigation method. The three nutrient solutions were: (1) normal
Hoagland solution, (2) no nitrogen Hoagland solution, (3) no nitrogen
Hoagland solution with ten per cent of the nitrogen of a normal solution
added as ammonium nitrate (23). Hoagland's micronutrients plus EDTA
iron supplemented all three solutions. The woody species were able to
support themselves, but a 10 mm fiber mat was placed on top of the pot
to support the seed.
From the bottom of each pot extended a glass tube which was
connected by tubing to a glass bottle below the bench. The glass
bottle contained 3000 ml of one of the three nutrient solutions. The
bottle was also attached to an air line, and air pressure was applied
with the use of an air pump and time clock so as to force the solution
up out of the bottle five times a day. By use of a needle valve on the
pump and timing the duration of operation, the pressure was regulated
to move the solution to the top of the pot located on the bench above.
Approximately 1500 ml of the 3000 ml solution could be removed by
transpiration and evaporation before air would escape through the pot.
As needed, additional solution was added. The solution in the bottle
was discarded and replaced in approximately 14 weeks. The experiment
was terminated 4-5 weeks later. Analytical work was carried out to
determine the ability of the nodules to reduce acetylene and to deter-
mine the nitrogen content of the plant foliage and solutions. Nodule
preparation and acetylene reduction assay were conducted as indicated
before. Total nitrogen analysis of the foliage was with a modified
12




Approximately 100 per cent of all symbiotic plants observed
possessed nodules. Species exceptions \<rere with Cercis canadensis
which showed no evidence of nodules and with Comptonia peregrina which
had the remains of nodules which were no longer active. C. canadensis
has been reported to be a legume which does not form nodules (17).
Differences in color were apparent between nodules possessing
various degrees of activity. Nodules with high rates of acetylene
reduction were bright in color. Colors ranged from a orange-red on
Alnus to a distinct white on Elaeagnus . Bond (18) had reported differ-
ences in color on nodules from A. glutinosa . He believed this was due
to the amount of light the nodule received. Bond also attributed the
red color of the nodules of Alnus and Myrica to anthocyanin.
Nitrogen Fixation by Members of the Leguminosae Family
Nodules were obtained from four species of legumes and submitted to
acetylene reduction assay for determination of the plants nitrogen fixing
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ability. Caragana arborcscens (Fig. 2), Robinia fertilis (Fig. 3),
R. hispida (Fig. 4), and R. Pseudoacacia (Fig. 5) each gave responses
over several hours. This is longer than was reported by Aprison for
legumes (2) . He found two hours of activity to be the maximum for
excised nodules.
Nitrogen Fixation by Non-legume Trees and Shrubs
A. glutinosa nodules fixed nitrogen for several hours after
being excised. Nodules injected with acetylene after being separated
from the plant for eight hours still reduced acetylene after nine
hours (Fig. 6). These findings are comparable to those of Bond (4).
Acetylene reduction assay on nodules from Elaeagnus umbellata
(Fig. 7), E. angustifolia (Fig. 8), Shepherdia argentea (Fig. 9),
S. canadensis (Fig. 10), Hippophae rhamnoides (Fig. 11). and Myrica
pensylvanica (Fig. 12) all showed activity.
Factors Effecting Nodulation
Temperature
Robinia Pseudoacacia responded differently when grown at two
o
temperatures. At the higher temperature (16.5 C) , growth was vigorous
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Figure 2. Reduction of acetylene by nodules from field grown Caragana
arborescens on two different dates during 1971.
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Figure 6. Reduction of acetylene by Alnus glutinosa nodules 8 hours
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Figure 7. Reduction of acetylene by nodules from greenhouse grown
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Figure 8. Reduction of acetylene by nodules from field grown Elaeagnus
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Figure 9. Reduction of acetylene by nodules from field grown Shepherdia














Figure 10. Reduction of "icttylenc by nodules from greenhouse grown
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Figure 11. Reduction of acetylene by nodules from
greenhouse grown
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Figure 12. Reduction of acetylene by nodules from field grown Myrica
pensylvanica on two different dates during 1971.
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in full leaf but not growing vigorously and the nodules, which were
active prior to the temperature treatment, did not maintain their
activity (Fig. 5). The loss of activity could be due to a decrease in
the rate of synthesis by the biochemical pathways of metablolism. At
the low rate the substrates produced may be too few for the nodules to
function.
Season
Nodules from A. glutinosa reduced acetylene (Fig. 13) but tended
to reduce less during the fall dates as compared to the summer dates.
This reduction in activity may have been due to less photosynthate
being produced during the fall months.
In another experiment, A. glutinosa and E. umbel lata nodules
were removed from the top 5 cm of the soil beneath the plant. The
A. glutinosa had been cultivated so little mulch existed. The E.
umbel lata nodules were protected from frost by 2-3 cm of leaf litter or
mulch. The fall was warm with the first below C air temperature
recorded on November 4, 1971 and a severe freeze occur ing on November
/, 1971 (Fig. 14) (12). The twelve year old plants of E. umbellata
and the A. glutinosa lost their leaves immediately while the six year
old plants of E. umbellata were protected by a windbreak and lost
their leaves gradually during the following two weeks. Activity did


































Figure 13. Reduction of acetylene by nodules from greenhouse grown
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this activity was at a greatly reduced rate (Fig. 15, Fig. 16).
Combined Nitrogen
The plant condition of A. glutinosa , E. angustifolia , and E_.
umbellata was usually good or excellent when grown in the normal
strength Hoagland's solution. However, at this nutrient level nodules
did not form when grown in the two solutions with low or no nitrogen,
good and excellent plant growth was usually accompanied by active
nodules on the plant root system (App. Table 1A)
.
When plants with active nodules were placed in the solution
culture pots at planting time the nodules ceased to be active at
the nitrogen level of the normal solution. The nodules from non-
legume plants (A. glutinosa , E. angustifolia and E. umbellata )
grown on either a low nitrogen or no nitrogen nutrient level
responded according to the health of the parent plant. When
plant condition remained good or excellent the nodules remained active
with both of the lower nutrient levels. The legume shrub (R. fertilis)
ceased having active nodules even at the lower two levels.
Nitrogen Fixing Plants When Used as a Nurse Crop
The use of nitrogen fixing plants to supply nitrogen to the exter-
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Figure 15, Reduction of acetylene by
nodules from field grown Alnus
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Figure 16. Reduction of acetylene by nodules from 6 year and 2 year
old Elaeagnus umbel lata at two time intervals during 6 months
of 1971.
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showed no significant increase in nitrogen (Table 2), thus indicating
the nodules would not supply nitrogen to a solution or soil. In
general the nitrogen supply of the low nutrient level was depleted
during the fertilization period. The nitrogen in the normal solu-
tion increased with the amount depending on plant growth per pot. As
the plant grew, the stock solution was resupplied. With additional
solution a build up occured because more nitrogen was available than
the plant used.
Plant survival was not 100 per cent. P. pratensis "Nugget" never
produced a good stand and did not survive. The companion plants used
enough solution that the fluctuation in the level the solution in each
pot varied frequently at the time the pot was full and when additional
solution was added. The seed being at the top of the pot would go
through periods of being wet and then dry, and if germination did
occur, the seedlings did not survive. With the woody plants, losses
were atrributed to death during dormancy and transplanting or to
mechanical failure of the system. In the case of E. angustifolia
plants did not leaf out and with the other species losses generally
occurred shortly after having been transplanted. In a few instances
death was due to broken glassware or loose connections.
The nitrogen content of the foliage from the woody species was
greatest on those plants grown on normal Hoagland's solution (Fig. 17),
With a few plant treatments, the nitrogen content of the foliage gave
no significant difference between plants grown on the three different
34
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nutrient solutions.
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nutrient levies. E. umbellata , where a high per cent of the plants
grown at low or no nitrogen levels survived, the plants even though
actively nodulated contained significantly less nitrogen in the foliage
when compared to the plants grown with the normal solution. In this
case there may have been luxury co sumption of nitrogen, for the plants
with less nitrogen also appeared in good or excellent condition.
SUMMARY AND CONCLUSIONS
By the acetylene reduction assay, nodules from eleven tree and
shrub species were found to be active. Activity can be classified from
poor to good by the dark to bright nodule color. Nitrogen fixation is
dependent on temperature, and even though plants had dropped their
leaves due to cold temperatures, nodule activity was able to continue
at a reduced rate.
As a nurse crop, it was found that nitrogen-fixing plants do not
give off nitrogen through the nodules into the rooting medium while
the plant is actively growing. The increase in soil nitrogen around
these plants as reported in the literature must come from elsewhere,
such as dead and decomposing nodules or from leaf litter.
The nitrogen fixing woody species are capable of providing
adequate nitrogen for plant growth. Over a period of time they will
build up nitrogen supplies where grown on newly exposed or otherwise
low fertility soils. Therefore, landscape architects or other plant
37
growers should consider using nitrogen fixing plants in areas of low
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2 14.97 42.62 36.3 4.24
3 11.59 28.41 39.8 1.53
4 28.9 .36
1 0.00










1 3.98 16.46 32.3 2.43
2 32.9 1.53
3 17.00 46.07 36.4 1.53
4 16.02 57.94 34.8 1.80
1 23.18 52.33 35.9 0.00
2 14.28 31.30 38.5 .36
3 16.2 .63








1 19.72 61.43 38.5 1.80
2 11.25 32.65 38.7 7.39
3 35.56 83.96 35.7 5.77
4 20.08 64.67 39.1 8.11
1 12.59 26.96 40.1 0.00
2 .63
3 68.12 42.5 0.00
























































ppm nitrogen x 10 ppm nitrogen
in foliage in the
solution
minutes N- fixing Companion











































































































ppm ni trogen x 10 ppm nitrogen
in foliage in the
tep solution
minutes N-fixing Companion











2 small nodules 30.3 5.32
3 4.80 31.83 31.1 9.29
4 3.43






2 small nodules 44.5 4.42
3 1.08
4 7.75
1 15.19 45.20 47.5 .54
2 0.00
3 34.6 .54
4 small nodules 29.3 0.00
E. angustifolia and C. divaricata
1 53.9 25.2 294.37
2 47.8 24.8 343.06
3 27.7 289.86
4 27.2 289.86
1 10.59 48.27 28.0 18.5 .72
2 23.2 2.70
3 30.8 23.8 .90
4 40.5 13.43


























































































































































































































































ppm nitrogen x 10 ppm nitrogen
In foliage in the
solution
mlnuteB N-fixing Companion
60 240 plant plant
P. pratensis
552.23
295.72
380.48
302.03
3.34
.72
2.61
.99
.54
.63
.18
.36
C. divarlcata
27.7 364.69
29.1 276.34
26.0 425.55
29.7 329.53
22.4 1.53
20.3 .09
23.2 .27
25.3 13.07
0.00
0.00
1.17
.27
Plant condition
N-fixing companion
Stock solution
added in each
bottle
Normal nitrogen
Low nitrogen
No nitrogen
Normal nitrogen
Low nitrogen
No nitrogen
2,400
3,000
6,600
5,000
2,700
2,900
4,700
4,400
3,800
2,700
4,000
3,700
4,400
2,800
4,500
4,500
3,100
3,900
5,000
3,300
2,600
2,600
2,800
2,800
Check
Normal nitrogen
Low nitrogen
No nitrogen
287.61
214.13
334.49
270.03
4.69
14.61
7.39
17.04
.63
.63
.90
.63
2,100
2,500
3,200
2,900
1,800
2,300
3,000
3,700
2,300
300
4,500
4,000
Normal nitrogen
Low nitrogen
No nitrogen
Stock solution
246.47
23.62
1.08


